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Abstract—We report on the fabrication of waveguide arrays
based on depressed-cladding structures produced by femtosecond
laser direct inscription in a Nd:YAG crystal. The arrays consisted
of seven divergent hexagonal waveguides with different separations
between the waveguides at the exit of the crystal. Optical charac-
terization in the visible (633 nm) and near infrared (800 nm) was
performed. The obtained modal profiles show multimodal behavior
in the visible and nearly single-mode at 800 nm. The propagation
losses were measured to be 1.6–3.0 dB/cm in all the cases. Micro-
luminescence maps were obtained showing the presence of defects
only at the damage tracks and a residual stress that slightly affects
the waveguide core in the vicinity of the tracks. This affected area
is responsible for a modal profile distortion that can be clearly seen
at 633 nm, but does not modify the modal profiles in the near in-
frared. Our results show a very good performance of the fabricated
structures and suggest a promising potential use in photonic appli-
cations (i.e., photonic lanterns) that can be easily implemented in
other transparent materials.
Index Terms—Laser materials processing, integrated optics
devices, waveguides channeled.
I. INTRODUCTION
F EMTOSECOND laser direct irradiation has consolidatedas one of the most versatile and efficient techniques for
the inscription of optical waveguides in transparent dielectrics
[1]–[5]. Strongly focused femtosecond pulses produce localized
modifications in the focal volume inside the material that may
consist of very stable (or permanent) refractive-index changes.
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Such modifications can be induced in large areas of the mate-
rial in a controlled way by properly scanning the sample, thus
producing channels in which light can be confined [6]–[8].
In general, depending on the material and on the irradiation
conditions (pulse energy, repetition rate, numerical aperture,
etc.) different types of material modifications can be induced
that can be classified in Type I or Type II modifications [9].
Type I modification is produced when working below the
optical damage threshold, and can include either positive or
negative refractive index change at the focal volume. Type II
modification is produced for pulse energies above the optical
damage threshold, and typically consist of a refractive index
decrease at the damage track (focal volume) and a refractive
index increase at the neighborhood due to the stress field (lattice
compression) created during the irradiation [10]. Both types of
modifications can be used for fabricating efficient waveguides
inside dielectrics. The most straightforward technique consists
of finding conditions to produce a refractive index increase with
Type I modification, and then scan the sample with the laser fo-
cus, once or several times, just to inscribe a channel that directly
guides light through. This strategy has been extensively used in
glasses, such as fused silica or phosphate glass [1]. However, this
approach cannot be successfully implemented in all the cases
because there are many materials in which a refractive index in-
crease based on Type I modification has not been achieved. This
is the case of many crystalline materials [3] due to the difficulty
to produce local densifications in lattice structures, and only in
a few of them (such as LiNbO3, ZnSe and Nd:YCa4O(BO3)3)
have been observed Type I modification. Therefore, the strate-
gies for waveguide fabrication in crystals with femtosecond
lasers are more frequently based on Type II modifications.
Depressed-cladding waveguides [11] are the most versatile
structures that can be inscribed with Type II modification, and
consist of a large number of parallel damage tracks that form
a cladding (with a decreased refractive index), and a central
core whose refractive index remains almost unaffected by the
femtosecond laser irradiation. Efficient cladding waveguides
have been demonstrated in a large number of crystals for differ-
ent applications (i.e. waveguide lasers or frequency converters)
[12]–[17].
In this work we report on the fabrication of optical waveguide
arrays with a femtosecond laser, based on depressed-cladding
structures. The arrays consist of seven adjacent hexagonal
waveguides at the input face, that separate radially in 3D a
certain distance at the output face. We have used a Nd:YAG
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Fig. 1. Schematic diagram of the fabrication of hexagonal waveguide arrays
based on depressed-cladding structures produced by femtosecond laser direct
inscription.
crystal as host to inscribe the waveguides provided that its
spectroscopic properties are very well known, and can be used
to map the damage and stress fields at the structures. The
modal behavior of the arrays is optically characterized in the
visible and near infrared. Microluminescence maps are also
presented, showing minimal damage at the waveguide cores.
The main interest of the fabricated structures is the potential
application in 3D photonic devices, for instance as efficient
photonic lanterns. Although our work was focused on Nd:YAG
crystal, we have also tested the applicability of our design in
other crystals as quartz and LiNbO3 .
II. EXPERIMENTAL SETUP
A. Waveguide Fabrication
The femtosecond laser system used for the waveguide inscrip-
tion (Spitfire, Spectra Physics) emitted 120-fs pulses at a central
wavelength of 800 nm with a 1 kHz repetition rate. A half-wave
plate followed by a linear polarizer, and a calibrated neutral den-
sity filter, were used to finely tune the pulse energy. The beam
was focused through a 50X (numerical aperture 0.6) microscope
objective. The sample, a 1 cm long neodymium doped yttrium
aluminum garnet (Nd:YAG) crystal, was placed in a 3-axes mo-
torized stage with a resolution of 0.1 μm. The threshold energy
to produce a damage track at a depth of 200 μm from the surface
was found to be 0.19 μJ under our experimental conditions. In
order to inscribe the structures, we have used a pulse energy
of 0.28 μJ, large enough to ensure the successful inscription
of damage tracks at all the required depths of the sample (be-
tween 150 and 330 μm), but keeping the damage of the material
in a reasonable level such that cracks are not produced. The
sample was scanned with the stage at a constant velocity of
500 μm/s.
The arrays consisted of seven adjacent hexagonal waveguides,
each one formed by 30 parallel tracks with a lateral separation
of 2 μm. This small separation was chosen in order to minimize
the light leakage through the cladding boundaries. These param-
eters produced a single hexagonal structure with a diameter of
about 22 μm. With the aim of demonstrating their ability to be
used as photonic lanterns, the design is as follows. The central
waveguide is straight from the input to the output faces, and the
adjacent 6 waveguides are composed by three parts: a 2-mm
straight part (all the waveguides parallel to the central one), a
6 mm straight segment that separates each waveguide radially
from the center, and a final 2 mm straight part again in the
same direction as the initial part (see Fig. 1). Three arrays were
Fig. 2. Characterization setup for the fabricated hexagonal waveguide arrays.
Beam splitter (BS) is also used for monitoring of the input beam on the input
face of the waveguides.
inscribed with different final separations between the waveg-
uides: WA0 with no separation between waveguides (straight
array), WA1 with a separation of d = 20 μm, and WA2 with a
separation of d = 40 μm.
B. Optical Waveguide Characterization
The ability of the fs-laser written structures to behave as
an optical waveguide was investigated with an end-fire coupling
setup at 633 nm, at 800 nm and with white light from a phosphor-
based light emitting diode (LED), focused at the input face of
the crystal through a 10X microscope objective. The near-field
modal profiles were recorded by imaging the output face of the
waveguides through a 20X microscope objective onto a CCD
camera as it is shown in Fig. 2. The transmittance measurements
were conducted using a calibrated photodiode. In this case, an
iris was placed in front of the detector in order to suppress light
transmitted through the bulk outside of the waveguide. For this
purpose, the size of the iris was fixed by imaging the output face
of the waveguides on the CCD and matching the diameter of
the iris to that of every single hexagonal structure. Polarization
dependence of the waveguides was carried out employing half-
wave plates to control the polarization of incident laser beam.
Waveguide propagation losses were computed by measuring the
input and output powers, taking into account the transmittance of
the microscope objectives and Fresnel reflections at the crystal
interfaces. In order to obtain a further characterization of losses,
the scattered light imaging method was employed, which con-
siders that scattering centers are uniform along the waveguide,
where light is propagated [18], [19]. To this end, the coupling of
light into the waveguide was monitored by placing a top view
imaging system with which we could measure the power decay
at the waveguides (see Fig. 2).
The magnitude of the refractive index contrast (Δn) between
damage tracks and waveguide core was estimated by experimen-
tally measuring the numerical aperture of a single hexagonal
waveguide. To this end, lens L2 was removed from the arrange-
ment and the far-field pattern from the waveguide was recorded
on the CCD that was placed at a certain distance D from the
output face of the waveguide. Then, by using a trigonometric
relationship between the radius of the far-field pattern (A, mea-
sured from the CCD image) and the distance D, the numerical
aperture was estimated from:N.A. = sin θm = A/
√
A2 + D2 .
Assuming a step-index profile, Δn was calculated using the
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Fig. 3. Optical micrographs of the output face of the waveguide arrays show-
ing confinement for white light for different separations between central and
adjacent waveguides (from left to right, WA0, WA1 and WA2). The input faces
of the three arrays are identical to the output face of WA0 (picture on the left).
equation [20]
Δn ≈ sin
2 θm
2n
, (1)
where θm is the maximum incident angle at which the transmit-
ted power occurs without any change, while n is the refractive
index of the bulk material.
C. Micro-Luminescence Measurements
Microluminescence maps of WA2 were obtained using a
home-made confocal fluorescence microscope. A single-mode
fiber coupled laser diode (800 nm) was employed as excitation
source and focused into the sample by using a microscope ob-
jective with 0.85 numerical aperture, leading to an excitation
laser spot radius of 0.5 µm, approximately. 800 nm radiation
excites Nd3+ ions from their ground state (4I9/2) up to their
4F5/2 excited state, from which non radiative de-excitations
down to the 4F3/2 metastable state take place. The subsequent
4F3/2 → 4I9/2 emission was collected by the same microscope
objective and, after passing through different spatial and spectral
filters, was spectrally analyzed by a high-resolution spectrom-
eter. In this work, the attention has been paid to the spatial
variation of the intensity, spectral position, and bandwidth of
the narrow emission lines centered at around 940 nm, as they
have been demonstrated in the past to be excellent indicators
of the local damage, stress, and disorder in the Nd:YAG envi-
ronment, respectively [21]. For the acquisition of fluorescence
images of the waveguides, the Nd:YAG sample was scanned
in two dimensions by placing it on an XYZ piezo-stage while
keeping the 800 nm excitation spot fixed. The spatial variation
of peak intensity, spectral position, and width were obtained by
using LabSpec software. The graphical representation of data
was performed using the WSxM software [22].
III. RESULTS AND DISCUSSION
Firstly, in order to investigate the wave-guiding properties of
the written structures, coupling of white light was performed.
Fig. 3 shows an optical micrograph of the arrays with different
separations between central and adjacent waveguides. As it can
be clearly seen, the waveguides present a good confinement of
incoherent white light. Furthermore, it is possible to observe that
there is no damage of the material in the vicinity of the tracks,
even in the zone where the waveguides overlap (in the case of
WA0) which assures a good optical confinement and minimizes
losses. The modal profiles are homogeneous, showing a nearly
Fig. 4. Modal profiles at 633 nm for WA1 and WA2 hexagonal waveguides
together with their respective maps of polarization dependence, where 0° cor-
responds to TE polarization. The dots in the polar maps correspond to the
measured power at the output face of the waveguide for every polarization
angle, normalized to the maximum output value.
flat-top structure clearly confined by the damage tracks with
negligible effect on the separation parameter “d”.
Furthermore, experiments to characterize the modal behavior
of the waveguides at 633 nm were carried out. Fig. 4 shows
the modal profiles for WA1 and WA2 arrays under TE polariza-
tion which, in this case, represents polarization perpendicular
to the damage tracks. Measurements of every single waveguide
in order to observe differences between the central and adjacent
waveguides were performed (it should be pointed out that we did
not see evidence of coupling of light between adjacent waveg-
uides when only one of them is being excited). For this purpose,
images of the modes corresponding to the central and two exter-
nal waveguides (top and top-right) were taken. It is possible to
see in Fig. 4 that there are some differences between modes of
adjacent waveguides in comparison with the central one. It can
be seen that, at this wavelength, the behavior of the waveguides is
multimode, although it is possible to excite only the lower mode
in the central waveguide. The other waveguides (external) suffer
the bending of the structure and this leads to the excitation of
higher order modes. Moreover, it can be seen that in these cases
light tends to concentrate near the cladding, maybe due to some
residual stress induced during the waveguide fabrication (this
effect will be discussed latter, when analyzing the microlumines-
cence maps). Concerning the isotropy of the waveguides (polar-
ization dependence), it was found that waveguides support both
TE and TM polarization, with a slight polarization dependence
in all of them, being more pronounced in the case of the central
ones which, as previously mentioned, could be due to a larger
accumulation of mechanical stress induced during the inscrip-
tion. However, the optical confinement is good in all the cases.
Concerning the propagation losses, measurements for 633 nm
light are summarized in Table I. As it can be seen, the obtained
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TABLE I
PROPAGATION LOSES FOR CENTRAL AND ADJACENT HEXAGONAL WAVEGUIDES
values fluctuate between 1.6 and 3.0 dB/cm for the different
waveguides and polarizations. The two measurement methods
described in Section II were used in some waveguides in order
to do a double check of the results. From these measurements
some conclusions can be extracted. Firstly, the magnitude of
the waveguide losses is similar to those previously reported
for other cladding structures in other crystals [12], [15], [23].
Concerning NdYAG, very different values have been reported
in previous works, that range from 0.12 [24] to 2.0 dB/cm [25],
depending on the waveguide diameter and on the coupling
wavelength. Due to the small size of the waveguides described
in our work (22 μm diameter) and the coupling wavelength used
in our studies (633 nm) our results are in good agreement with
[25] (30 μm diameter and same wavelength). Even larger core
waveguides [26] may exhibit similar propagation losses values.
Secondly, there is no significant difference in the behavior of
TE and TM polarizations, as reported in previous works [27].
Finally, the bends of the waveguides have negligible effect in
the losses within the accuracy of our measurements. It should be
pointed out that the maximum divergence angle of the waveg-
uides is smaller than 0.5° and this ensures a low level of losses.
Concerning the refractive index contrast induced in the dam-
age tracks, we obtained a value of ∼ 4.2 × 10−3 at 633 nm for
one of the straight waveguides using equation (1). It should be
stressed that, in this case, this value represents a rough estimation
due to the assumption of a step index profile of the waveguides,
but that magnitude is in fairly good agreement with previously
reported values in Nd:YAG cladding waveguides when large nu-
merical aperture focusing optics was used in the fabrication [28].
The modal characterization at 800 nm for WA2 is shown in
Fig. 5. As it can be seen from the images, the waveguide behavior
at this wavelength is nearly single-mode, and distortions of the
modal profiles are found only at the external waveguides, due
to the effect of the bending. However, the confinement is very
good and it was found that the guidance is independent of the
incident polarization showing an isotropic behavior in all of the
written structures.
Fig. 5. Modal profiles at 800 nm for WA2 hexagonal waveguides together
with their respective polarization dependence maps. The dots in the polar maps
correspond to the measured power at the output face of the waveguide for every
polarization angle, normalized to the maximum output value.
Fig. 6. (a) Calculated modal profile at 800 nm of a hexagonal straight wave-
guide and, (b) measured mode profile at 800 nm for TE polarization. ωx and ωy
correspond to the mode width sizes, measured at full width at half maximum
(FWHM) intensity level, in the horizontal and vertical directions respectively.
Additionally, using the experimentally measured refractive
index contrast (Δn), a reconstruction of the refractive index pro-
file was carried out. Using this refractive index profile, modal
behavior of a straight hexagonal waveguide was calculated by
using the finite-difference time-domain method. In Fig. 6, the
simulated TE mode at 800 nm for a straight hexagonal wave-
guide (neglecting the dependence with wavelength of Δn) to-
gether with the experimentally measured mode corresponding
to the TE mode center of Fig. 4 are shown. By direct comparing
Fig. 6(a) and (b), it is possible to conclude a very good agree-
ment between the simulated and the experimentally measured
mode. This indicates that the values used for the reconstruction
of the refractive index profile of the waveguide are reasonable.
In order to gain insight in the properties and behavior of the in-
scribed structures, luminescence maps were taken for the waveg-
uides arrays. Fig. 7 shows the 2D spatial distribution of intensity,
induced energy shift, and line width of the 4F3/2 → 4I9/2 inter-
Stark level emission line of Nd3+ ions around 940 nm for the
input face of the arrays of WA2. In previous works, this emis-
sion line has been demonstrated to be an excellent indicative of
sensitive changes in the material such as strain, volume changes,
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Fig. 7. Micro-luminescence maps of the input face of the waveguide arrays.
The images represent the 2D spatial dependence of the intensity (a, peak position
(b), and peak width (c) corresponding to the emission line of Nd3+ at 940 nm.
and disorder [21]. The measurements are concentrated mainly
in the central area of the array provided it is the most critical
region due to the large accumulation of laser impacts of the ad-
jacent waveguides. As it can be seen in Fig. 7(a), there is a clear
reduction in the luminescence intensity at the damage tracks,
revealing the presence of lattice defects and imperfections in
this region. Thanks to the large numerical aperture of the fo-
cusing optics employed in the fabrication, the waveguides cores
remain almost unaffected. Concerning the spectral position of
the emission (Fig. 7(b)) it can be seen an energy redshift (com-
pression) at the damage tracks and under them, and a slight
blueshift (dilatation) above them. These effects are related to
the stress fields created in the crystal lattice during the irradia-
tion. It should be pointed out that the magnitude of the energy
shifts is smaller than the values reported in literature for other
cladding structures (see Ref. [27]), however, the extension of
the affected areas is larger in our structures. The reason for this
effect could be explained in terms of the large density of laser
impacts that are used for the fabrication of the waveguide ar-
rays (very small separation between tracks and overlap between
claddings of the adjacent waveguides) that lead to a cumulative
effect on the stress fields. This inhomogeneous distribution of
compressed and dilated areas, could be responsible for the se-
lective concentration of the modal profiles in certain areas of
the cladding waveguides (Fig. 3). Fig. 7(c) shows the spectral
broadening, that is higher in the zones were more disorder was
induced during the fabrication, which correspond with the zones
of quenched emission intensity in Fig. 7(a).
IV. CONCLUSION
We have successfully designed and fabricated 3D arrays of
hexagonal cladding waveguides by direct irradiation with fem-
tosecond pulses. The arrays consisted of 7 waveguides that sep-
arate radially along the propagation direction. Our study uses
a Nd:YAG crystal due to the possibility to microscopically an-
alyze the material modifications induced during the irradiation
with the femtosecond laser, but it must be noted that the arrays
have been successfully fabricated also in other crystals. The
optical characterization of the structure reveals a complex mul-
timodal propagation for the visible, and a nearly single-mode
behavior for the NIR; the transmitted power through the waveg-
uides shows a slightly dependence on the incidence laser beam
polarization. The measured propagation losses of the waveg-
uides in the arrays are in the range of 1.6-3.0 dB/cm, with no
appreciable effect of the waveguide bends. Micro-luminescence
maps have shown that the induced damage during the waveg-
uides fabrication is concentrated at the tracks, while a residual
stress/strain field affects larger areas of the structures. Our re-
sults suggest that the reported waveguide arrays could be used
for practical applications in photonics, as for instance in pho-
tonic lanterns [29]. Optimization of the modal behavior at the
required operation wavelength can be achieved by conveniently
adjusting the size of the cladding waveguides.
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